An oceanic general circulation model is used to investigate the annual cycle of the near-surface currents in the eastern equatorial Pacific Ocean; in particular, the causes of the springtime increase of eastward momentum that reverses the westward surface flow and intensifies the Equatorial Undercurrent are examined. A set of process experiments are carried out that isolates effects due to three forcing mechanisms: local zonal and meridional winds, and remote zonal winds. It is demonstrated that the springtime weakening of the local easterly trades is the primary cause of the eastward-momentum increase. In addition, due to meridional advection, the local southerly wind drives a westward current on the equator throughout the year; this flow is weakest in the spring, and therefore this process also contributes to the anomalous eastward flow. On the other hand, remote forcing tends to weaken the springtime momentum increase: Anomalous easterlies in the far-western and central Pacific during the winter excite upwelling-favorable Kelvin waves that generate anomalous westward flow in the eastern Pacific during the early spring.
Introduction a. Observations
In the eastern equatorial Pacific, the upper-ocean circulation exhibits a distinctive annual cycle. Figure 1 shows the monthly mean climatology of the zonal current (u, top panels), the meridional current (y, middle panels), and the temperature (T, bottom panels) fields obtained by TOGA current meter moorings at 1408W (1980-91) and 1108W (1983-91) . [See McPhaden and McCarty (1992) for details about how the climatology was obtained.] At both locations, prominent features are the intensification of the Equatorial Undercurrent (EUC), the reversal of the westward surface flow (the South Equatorial Current; SEC), and the warming of sea surface temperature (SST) during spring and early summer. Note that the reversal of the westward surface flow starts and terminates earlier at 1108W than at 1408W, suggesting a westward propagation (McPhaden and Taft 1988) . Westward propagation is also seen in SST as the warm phase appears first at 1108W (Horel 1982) . In addition, the meridional flow field at 1108W exhibits a well-defined structure with northward flow at the surface and southward flow at depths near 40 m throughout the year, except for a brief interruption during April; in contrast, at 1408W it has a more complex structure. Finally, there is a sharp rise of the thermocline in February and March at 1408W, but not at 1108W.
Presumably, much of the variability in Fig. 1 is driven by changes in the near-equatorial wind field. Figure  2 plots a version of the Hellerman and Rosenstein (1983) climatology averaged over the latitude band from 18S to 18N (see section 2). It is evident that both the zonal and meridional wind anomalies are dominated by the annual period, and the zonal wind anomalies propagate westward. (For convenience, throughout this paper we use the term ''anomaly'' to designate deviations from the annual mean.) Note that like the zonal current and SST, the anomalous zonal winds propagate westward in the eastern Pacific, which points toward a linkage among the three fields. In addition, the zonal wind over the eastern Pacific is not symmetric about the equator (upper panels of Fig. 3 ), the variability north of the equator having a much larger amplitude (low-
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FIG. 1. Seasonal cycles of equatorial, zonal currents (u, top panels), meridional currents (y, middle panels), and temperature (T, bottom panels) from observations taken at 1408W (left panels) and 1108W (right panels). Contour intervals are 10 cm s 21 for u, 2 cm s 21 for y, and 18C for T. Dashed lines indicate westward and southward flows, and shaded regions highlight the EUC core and the thermocline. The EUC is strongest in the spring; the surface zonal flow is eastward during the spring and westward at other times. The y field at 1108W suggests a meridional circulation with northward flow at the surface and return flow just beneath it. After McPhaden and McCarty (1992) .
er panels of Fig. 3 ) due to the north-south migration of the intertropical convergence zone (ITCZ).
b. Forcing mechanisms
Three wind-forcing mechanisms are proposed to account for the annual variability in the eastern Pacific Ocean. They are remote forcing by zonal winds, and local forcing by both zonal and meridional winds. In this subsection, we briefly describe effects that are expected to result from each of these processes and comment on their possible relationship to the observations.
Y U E T A L .
FIG. 2. Seasonal cycles of monthly mean zonal and meridional wind stresses (upper panels) and their anomalies (lower panels) averaged from 18S to 18N across the Pacific Ocean. Data are plotted after 3-gridpoint smoothing. The contour interval is 0.1 dyn cm 22 for all panels. Shaded regions are for easterly and northerly wind stresses in the upper panels and for negative anomalies in the lower panels. There are intensified westerlies in the western Pacific beginning in late fall, and strong easterlies in the central Pacific during early spring (lower-left panel). The southerly winds over the eastern Pacific are weakest during the spring and strongest during the fall (lower-right panel).
Time-latitude plots of monthly mean zonal wind stresses (upper panels) and their anomalies (lower panels) at 1408W and 1108W. The contour interval is 0.1 dyn cm 22 for all panels. Shaded regions are for easterly wind stresses in the upper panels, and for negative anomalies in the lower panels. The zonal wind variability is asymmetric about the equator with much larger amplitudes north of the equator.
1) REMOTE ZONAL WIND ANOMALIES
Equatorial Kelvin waves, remotely forced by zonal wind changes in the central and western Pacific Ocean, are often invoked as a cause of eastern Pacific variability. According to this idea, for example, easterly wind anomalies in the central Pacific in January (shaded area in the lower-left panel of Fig. 2 ) will excite upwelling-favorable Kelvin waves that raise the pycnocline and weaken eastward flows when they arrive in the eastern ocean during the early spring; indeed, such a change in the thermocline is evident at 1408W (bottom-left panel of Fig. 1 ), but it is not obvious in the zonal-flow field. However, at 1108W the thermocline remains nearly flat (bottom-right panel of Fig. 1 ), an indication perhaps that Kelvin waves do not propagate this far east in this climatology.
An alternate scenario for remote forcing, which does not appeal to Kelvin wave radiation, has recently been proposed by Philander and Chao (1991) . They stated that ''the larger zonal extent of the Pacific, and the seasonal variations of the winds over the western Pacific, which can be out of phase with those in the east, are the principal reasons'' for the annual cycle of the EUC at 1408W. Based on a momentum-budget analysis, they argued that it is the near-balance between the advection of zonal momentum and the zonal pressure-gradient force over the western part of the Pacific Ocean that causes the springtime intensification of the EUC in the eastern basin.
2) LOCAL ZONAL WIND ANOMALIES
Interestingly, idealized modeling studies have suggested that an increase of eastward momentum in the near-surface current can be caused by either a strengthening or a weakening of the local easterly trades, depending on the relative importance of vertical mixing and vertical advection. When vertical mixing dominates, the system is predominantly linear; easterly winds drive a westward surface flow and an eastward EUC at the thermocline depth and below (left panel of Fig. 4 ). In such a system, then, an easterly wind anomaly will generate increased westward near-surface flow and vice versa. When vertical advection (i.e., equatorial upwelling) shows that the eastward surface current is advected downward. After Philander and Pacanowski (1980) . is strong, it distorts the linear response by shifting the EUC upward thereby splitting the SEC into two branches on either side of the equator (middle panel of Fig.  4 ; see the discussion of Fig. 4a in McCreary 1985) , a phenomenon referred to as the surfacing of the EUC. In this case, an easterly wind anomaly can intensify eastward near-surface flow by raising the EUC further; conversely, when the EUC is surfaced, a westerly wind anomaly can lead to increased near-surface westward flow because the EUC deepens. In fact, the observed intensification of eastward flow occurs during the spring when the easterly wind is weakest ( Figs. 1 and 2) ; so, if the local zonal winds cause this increase, then the linear process must be the more applicable one.
The nonlinear response to westerly winds differs considerably from the easterly wind case (right panel of Fig. 4 ). In this case, equatorial downwelling distorts the linear response (the negative of the left-panel solution in Fig. 4 ) by advecting eastward surface flow downward. An implication of this result is that anomalous westerly winds will lead to anomalous eastward flow regardless of the strength of nonlinearities.
3) LOCAL MERIDIONAL WINDS Mitchell and Wallace (1992) documented that the local southerly wind strengthens simultaneously with, or slightly in advance of, the cooling of SST in the eastern equatorial Pacific, suggesting the importance of the local meridional winds. This idea is supported by recent model studies of Xie (1994) and Chang (1996) . The linear response to a southerly wind is antisymmetric about the equator and does not generate any zonal currents on the equator at all (left panel of Fig. 5 ). As for the zonal wind case, the zonal flow of the nonlinear response (right panel of Fig. 5 ) can be viewed as being a distortion of the linear response due to advection by its associated meridional circulation, which consists of upwelling just south of the equator, northward surface flow, downwelling just north of the equator, and southward return flow within and above the upper thermocline (Rothstein 1983; Fig. 4b of McCreary 1985) . Specifically, the westward surface flow, located south of the equator in the linear response, is advected northward across the equator and downward just north of it. Consistent with this nonlinear response, the observed westward surface current is deepest and the EUC is weakest during late summer and fall when the southerly winds are strongest (right panels of Fig. 2 ); in addition, at 1108W there are northward surface flows across the equator and southward return flows (middle-right panel of Fig. 1 ). Thus, the annual variability of the meridional wind field does seem able to account for a number of features in Fig. 1 .
c. Present research
In this paper, we use an oceanic general circulation model (OGCM) to study the dynamical processes that determine the annual variability in the eastern equatorial Pacific Ocean. Our goal is to assess the relative contributions of each of the three forcing mechanisms noted above, namely, remote and local zonal wind anomalies, and southerly winds. For this purpose, we obtain a set of ''process'' solutions that isolate the contribution of each mechanism as much as possible. As we shall see, each process contributes to the variability in much the way as discussed above. We also find that, although remote forcing by Kelvin waves does contribute, local forcing by zonal and meridional winds accounts for most of the prominent features in Fig. 1 . Fig. 4 except that the model ocean is forced by a southerly wind and the contour interval is 5 cm s 21 . Due to advection by the meridional circulation, the southerly wind generates westward flow on and just north of the equator that extends to a depth of 200 m. After Philander and Delecluse (1983) .
The model ocean
The OGCM consists of 14 active layers overlying a quiescent deep ocean (a 14Ω-layer system), and much of it is documented in Schopf and Loughe (1995) . The topmost layer is treated as a bulk turbulent mixed layer. All effects due to mixing in this layer are incorporated via an across-interface mass flux at its base. This flux is determined largely as set forth in Niiler and Kraus (1977) , except for modifications due to the finite time step of the integration and in the treatment of penetrating radiation.
Vertical mixing in the 13 subsurface layers is assumed to depend on the Richardson number, Ri, a formulation suggested by Pacanowski and Philander (1981) . Specifically, the mixing coefficients of momentum (n), temperature (k), and salinity (k s 5 k) are given by 
2
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where the unit is meters squared per second. Explicit convective adjustment is applied to the temperature and salinity fields whenever the water column becomes statically unstable. The horizontal smoothing necessary to keep the numerical model stable is provided by a modified Shapiro (1970) filter applied to the momentum, temperature, and salinity fields. The model basin extends zonally from 1208E to 808W and meridionally from 408S to 408N. The eastern and western boundaries resemble the real coastlines of the Pacific basin, whereas artificial walls are placed at 408S and 408N. The horizontal resolution is 1.258 longitudinally and 0.678 latitudinally. The 14 layers are spread over roughly the upper 3000 m of the water column with at least 8 layers covering the top 300 m in the equatorial region.
The wind field used to force our ''reference run'' is the Hellerman and Rosenstein (1983) climatological, wind stress reduced by 20%. Revised estimates of the stress by Harrison (1989) indicate that the Hellerman and Rosenstein (1983) winds overestimate the stress by about 20%-25% in the Tropics. The wind fields used to force the ''process'' solutions are versions of this reduced wind product modified as described at the beginning of section 3b. The wind data is on a 28 3 28 grid and is interpolated onto the OGCM's finer grid.
The surface freshwater and heat fluxes are based on relaxation back to observed sea-surface salinity (Levitus 1982) and SST (Reynolds 1982) fields, as in Haney (1971) . The surface salinity is restored to the climatological monthly mean values on the ocean-model grid with a relaxation timescale of one month. The surface heat flux is evaluated on two grids: strong damping to the climatological, monthly mean SST is done on a coarse 58 3 48 grid, with weaker damping imposed on the ocean-model grid; in this way, model SST is constructed to resemble the observations quite closely, while still allowing small-scale temperature structures to develop (see section 3b of Schopf and Loughe 1995, for details).
Although our heat-flux specification is not adequate for studying the seasonal variability of SST (Chang 1994; Köberle and Philander 1994) , it is sufficient for our purpose, that is, for understanding the annual cycle of upper-ocean circulation, which is largely determined dynamically by wind forcing. To investigate the sensitivity of solutions to the heat flux, we obtained several test solutions using different parameterizations. For example, in one test SST was relaxed back to annual-mean climatology, a severe modification. In another, the re-
laxation time for the coarse-grid damper was reduced an order of magnitude, so that model SST adjusted much more rapidly to the climatological value. There were modifications to the equatorial currents at some time during the year in each of the tests, which were generally traceable to changes in tropical instability wave (TIW) activity. However, the basic conclusions of this paper remained unchanged.
The model is initialized with Levitus (1982) climatological temperature and salinity, and a state of rest. Solutions are then integrated forward in time for a period of four years in each experiment, by which time the tropical ocean is nearly adjusted to its equilibrium state. The results presented in the next section are from the fourth year of the integration. Model output is sampled every 3 days. In order to reduce the influence of the tropical instability waves, the time series plotted in the figures are smoothed first by a 60-day running-mean filter and then by a 30-day running-mean filter, a twostep process suggested by D. Harrison (unpublished manuscript, 1991) . Figure 6 plots the seasonal cycle of u, y, and T fields from the reference run at 08, 1408W and 08, 1108W. A comparison with the climatology in Fig. 1 shows that the simulation captures most of the observed features at both locations. A closer comparison reveals that at 1408W the model EUC core is generally stronger than the climatology, whereas at 1108W it is weaker during early spring. At both locations, the y field suggests the presence of a meridional circulation cell within the upper 100 m consisting of northward flow at the surface and southward subsurface flow (middle panels of Fig.  6 ). At 1408W, there is a rapid springtime rise of the thermocline followed by a gradual deepening until October, which reproduces the observations very well; similar features are also present at 1108W.
Results

a. The model annual cycle
Meridional sections of annual-mean u, y, T, and S (salinity) fields are shown in Fig. 7 . Note that the zonal flow field is asymmetric about the equator: there is a North Equatorial Countercurrent (NECC) near 78N, 1408W and near 68N, 1108W, the northern branch of the SEC is much stronger than the southern one, and the EUC is centered south of the equator, particularly at 1108W where the EUC tilts upward to the south. The meridional flow field is also asymmetric about the equator, with northward surface flow present from 0.78S northward. The meridional distributions of temperature and salinity from 1408W are quite similar to those shown by Wyrtki and Kilonsky (1984) in their Fig. 2 from the Hawaii-to-Tahiti Shuttle Experiment (between 1588W and 1508W).
There are two prominent differences between our solution and the observations. First, at 1108W the climatological thermocline depth remains relatively unchanged (Fig. 1) , whereas in the solution it does not (Fig. 6) . In fact, mooring data at both 1408W and 1108W indicate that the amplitude of the annual cycle of the thermocline depth varies considerably from year to year and that it can be large at both locations. Indeed, the thermocline climatology at 1108W is no longer flat when observations from the 1990s are included. (W. Kessler 1996, personal communication) . Second, at 1408W there is no surface northward flow in the climatological v field (middle-left panel of Fig. 1 ), in contrast to the model solution (Figs. 6 and 7) . As cautioned by McPhaden and McCarty (1992) , details of vertical profiles and seasonal cycles of meridional velocities might not be accurate because of the smaller amount of available data. The energetic TIWs at 1408W make it more difficult to obtain the climatology accurately, since the TIWs have an instantaneous y field at least one order of magnitude larger than the climatological one.
b. Process solutions
The good agreement between the reference run and observations indicates that the model adequately represents the fundamental dynamical processes at work in the eastern equatorial Pacific Ocean. We carried out four additional numerical experiments to isolate these processes. Experiment B (EXPB) is a ''background'' response forced only by the annual-mean, zonal wind stress (t x ), that is, all meridional stress and seasonal variation in zonal stress are removed. [An alternate definition of EXPB includes annual-mean, meridional winds. We did not adopt this definition because we wanted solution 3 (defined below) to represent the response to the total meridional winds.] Experiment 1 (EXP1) is forced by annually varying zonal winds (t x ) west of a cutoff longitude x c and byt x east of x c , with the two wind regimes joined by a linear ramp in the region from (x c 2 58) to (x c 1 58). Experiment 2 (EXP2) is the opposite of EXP1, being forced by t x east of x c and t x west of x c . Finally, experiment 3 (EXP3) is forced by t x and monthly mean meridional winds.
The process solutions that isolate each mechanism are defined by solution 1 [ (EXP1 2 EXPB), solution 2 [ (EXP2 2 EXPB), and solution 3 [ (EXP3 2 EXPB). With these definitions, solutions 1-3 approximate the response forced by remote zonal wind anomalies (that is, by t x 2 t x west of the cutoff longitude x c ), by local zonal wind anomalies (t x 2 t x east of x c ), and by meridional winds, respectively. Of course, the identification of solutions 1-3 with individual processes is not exact because the model is nonlinear. Nevertheless, as we shall see, their structures are generally very similar to those of idealized solutions forced by a single process, demonstrating that they in fact are useful measures. Figure 8 shows meridional sections of 12-month-averaged, zonal currents along 1408 and 1108W for EXPB, Fig. 1 except for fields from the reference run smoothed by the two-step filter. Contour intervals and shading are the same as in Fig. 1 except that the contour interval for y is 3 cm s 21 here. The simulation captures most of the observed features shown in Fig. 1 . Noticeable differences from the observations are: The model EUC is generally stronger than the climatology at 1408W but weaker at 1108W during early spring, meridional flow exhibits a strong north-south circulation cell within the upper 100 m at both locations, and the thermocline at 1108W is not as sharp and as flat as in the observations. the background state for the three process solutions. The flow structure is similar both to the reference run (top panels of Fig. 7 ) and to the nonlinear solution forced by idealized easterly winds in Philander and Pacanowski (1980, middle panel of Fig. 4) in that the EUC is pushed upward and the SEC is split into two branches. Unlike the reference run, however, the EUC is now centered on the equator, and the SEC at 1408W is quite symmetric about the equator (although at 1108W the northern branch of the SEC is still considerably stronger than its southern counterpart).
1) SOLUTION FORCED BY ANNUAL-MEAN ZONAL WINDS (EXPB)
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2) SOLUTIONS FORCED BY REMOTE ZONAL WIND
ANOMALIES (SOLUTION 1) Figure 9 shows the seasonal cycle of sea level along the equator for solution 1 ([ EXP1 2 EXPB). The key process causing the variability in this solution is Kelvin wave radiation from the western ocean. The track of upwelling-favorable Kelvin wave signals (shaded regions) is evident in both panels. They are generated by the weakening of the westerly winds in the far western Pacific beginning in December, and enhanced by the strengthening of the easterly winds in the central Pacific during January (left panels of Fig. 2 ). In the left panel of Fig. 9 , the signal propagates into the eastern ocean at roughly a speed of 171 cm s 21 . In the right panel, anomalous winds between 1508W and 1208W are west- erly during early spring (lower-left panel of Fig. 2) , and this forcing sends a downwelling-favorable Kelvin wave signal to the east; as a result, the earlier sea level drop recovers rapidly, and by mid-May the sea level anomaly has vanished. Figure 9 also indicates a downwellingfavorable Kelvin wave track (positive sea level differences) in fall, which is excited by the weakening of easterly winds near the date line around September (left panels of Fig. 2) ; this Kelvin wave is responsible for the thermocline deepening at 1408W seen in both Fig.  1 and Fig. 6 . Figure 10 illustrates the impact of the upwelling-favorable Kelvin wave on the equatorial zonal currents, showing meridional sections of zonal flows for EXP1 and solution 1 along 1408 and 1108W on 4 March, roughly the date when the Kelvin wave attains its largest amplitude locally (see Fig. 9 ). We expect the zonal-flow field of a linear, single vertical-mode Kelvin wave to be surface trapped, symmetric about the equator, and to have a specific e-folding width scale. The zonal-flow structure for solution 1, however, has none of these properties. Suspecting that these discrepencies result from distortions induced by TIWs (see Harrison and Giese 1988 , for a discussion of influences by TIWs during a Kelvin wave event), we eliminated the TIWs from the model by deleting the advection terms uT x , yT y , and yu y from the governing equations, which are terms necessary for the existence of these waves (McCreary and Yu 1992) . Indeed, with these deletions TIWs are removed from the system, and the zonal currents associated with solution 1 at 1108W are surface-trapped, symmetric about the equator, and have an e-folding width scale of about 150 km. The Kelvin wave structure at 1408W (lower-left panel) is more distorted, because the TIWs are most energetic there. Another possible cause for the distortion of Kelvin waves is interaction with the mean circulation (see McPhaden et al. 1987 ). Figure 11 plots meridional sections of zonal flow for EXP2 and solution 2 ([ EXP2 2 EXPB) along 1408 and 1108W in mid-April, a time when the equatorial zonal winds reach their minimum strength (lower panels of Fig. 3) . The lower panels show that surface trapped, anomalous eastward flows occupy the equatorial upper ocean, suggesting that the oceanic response to the anomalous westerly wind is largely linear [see the discussion in section 1b (2)]. Note that the anomalous eastward flow is centered north of the equator, rather than on the equator as in the idealized solution in the right panel of Fig.  4 . Indeed, this asymmetry is so strong that the northern branch of the SEC is now weaker than its southern VOLUME 27
3) SOLUTIONS FORCED BY LOCAL ZONAL WIND ANOMALIES (SOLUTION 2)
11. Same as in Fig. 10 except from EXP2 (upper panels) and solution 2 ([ EXP2 2 EXPB, lower panels, due to local zonal wind anomalies). The anomalous eastward momentum near the equator (lower panels) results from the weakening of local easterly winds, that is, westerly wind anomalies. Its concentration in the Northern Hemisphere is forced by a region of positive anomalous wind curl north of the equator associated with the southward shift of the ITCZ. counterpart (upper panels of Fig. 11 ), opposite to the situation for the reference run and the background state (top panels of Fig. 7; Fig. 8 ).
The cause of this asymmetry is the weakened equatorial easterlies north of the equator, resulting from a southward shift of the ITCZ during the spring (upper panels of Fig. 3 ). At this time, there is a band of anomalous positive wind curl north of the equator (lower panels of Fig. 3 ), which drives eastward flow in its southern portion and westward flow in its northern portion via Ekman pumping. In support of this idea, note the presence of anomalous westward flows north of 48N along 1408W and 1108W (lower panels of Fig. 11) . Thus, the zonal-flow structure in the lower panels of Fig. 11 results from two causes: the response to westerly anomalies along the equator and to positive wind curl north of the equator. Conversely, the opposite forcing pattern exists during the latter half of the year (Fig. 3) , and it generates anomalous westward flow north of the equator (see the lower-middle panels of Fig. 13 below) .
4) SOLUTIONS FORCED BY MERIDIONAL WINDS (SOLUTION 3)
The left panels of Fig. 12 show zonal flows along 1408W in mid-July, a time when the local southerly winds reach their maximum strength (right panels of Philander and Delecluse (1983) idealized solution (right panel of Fig. 5 ). The equatorial region is occupied by a strong westward flow extending from the surface to at least 150 m on and just north of the equator, flanked by eastward jets. Unlike the Philander and Delecluse (1983) solution, however, the westward flow attains its maximum value at depth and the southern eastward jet extends to the surface (lowerleft panel of Fig. 12 ). Note also that the magnitude of the southern jet is about three times larger than it is in the Philander and Delecluse (1983) solution. We attribute these differences to the weaker vertical mixing in our model: Philander and Delecluse (1983) used a constant eddy viscosity coefficient of 10 3 10 24 m 2 s 21 , whereas our vertical mixing coefficient from Eq. (1) is often an order of magnitude smaller below the surface mixed layer. As a result, the meridional circulation cell in our model is considerably stronger, causing a larger distortion of the zonal flow field. To check this idea, the lower-right panel of Fig. 12 shows the response at 1108W in March when the southerly wind is weaker (so that the corresponding meridional circulation is weaker); in this case, the southern jet is nearly as submerged as in the Philander and Delecluse (1983) solution.
Y U E T A L . Fig. 10 except from EXP3 (upper panels) and solution 3 ([ EXP3 2 EXPB, lower panels, due to southerly winds). Westward flow occupies the equatorial region, flanked by eastward jets. The flow structure in the lower panels is similar to Philander and Delecluse (1983) nonlinear solution forced by an idealized southerly wind (right panel of Fig. 5 ).
FIG. 12. Same as in
The westward flow generated by southerly winds weakens the upper part of the EUC, more so north of the equator, causing the EUC to ''tilt'' upward toward the south and to be centered just south of the equator (upper panels of Fig. 12 ), features that are also apparent in the reference run (upper panels of Fig. 7) . The two eastward jets also have a significant impact on the equatorial circulation: the southern jet ''extends'' the EUC southward and weakens the northern flank of the southern SEC so that it is centered farther to the south; the northern jet in July is strong enough to broaden the NECC so that it extends just south of 58N (upper-left panel of Fig. 12 ).
5) RELATIVE IMPORTANCE OF EACH FORCING
MECHANISM
To illustrate the relative contribution of each forcing mechanism, Fig. 13 provides depth-time plots of the equatorial zonal currents for solutions 1-3 and for the difference between the reference run and EXPB. Solutions 1-3 roughly sum to the difference solution (upper panels), which they would do exactly if the model were linear. Thus, Fig. 13 provides a visual impression of the relative importance of each forcing mechanism.
Solution 1 ([ EXP1 -EXPB), which is forced by remote zonal wind anomalies, clearly shows the impact of the upwelling-favorable Kelvin waves at 1108W (shaded region around February in the right, upper-middle panel). The response indicates that it is the arrival of this Kelvin wave signal in early spring that raises the pycnocline (bottom panels of Fig. 6 ) and reduces the eastward momentum in the reference run (upper-right panel of Figs. 13 and 6 ). The subsequent increase of eastward momentum is associated with a pycnocline depression (bottom-right panel of Fig. 6 ) and sea level rise (right panel of Fig. 9 ) due to the arrival of the downwelling-favorable Kelvin wave generated between 1508W and 1208W. Interestingly, there is little anomalous eastward momentum in fall, even though the sea level anomaly is positive; the reason is that the sea level rise is even higher off the equator at this time, a property that must be due to Rossby waves reflected from the eastern boundary. At 1408W, the upwelling Kelvin wave signal is seen in the pycnocline rise (bottom-left panel of Fig. 6 ) and sea level drop (left panel of Fig. 9 ) but is less apparent in the zonal-momentum change (left, upper-middle panel) because of distortions by TIWs [see discussion near the end of section 3b(2)]. The anomalous eastward momentum at 1408W during spring is also related to the TIWs in the model; however, this feature may not be representive of the real ocean because observed TIWs are nearly absent during the spring and early summer (Halpern et al. 1988) . The region of anomalous eastward momentum during the fall reflects the downwelling-favorable Kelvin wave generated by the VOLUME 27
13. Seasonal cycles of filtered, equatorial zonal-flow differences: reference run 2 EXPB (upper panels), solution 1 ([ EXP1 2 EXPB, upper-middle panels, due to remote zonal wind anomalies), solution 2 ([ EXP2 2 EXPB, lower-middle panels, due to local zonal wind anomalies), and solution 3 ([ EXP3 2 EXPB, bottom panels, due to southerly winds) at 1408W and 1108W. The contour interval is 10 cm s 21 in all the panels, and shaded regions indicate westward flows.
weakening of the easterly winds near the date line in early fall (left panel of Fig. 9 and lower-left panel of Fig. 2 ). Solution 2 ([ EXP2 2 EXPB, lower-middle panels), forced by local zonal-wind anomalies, has a springtime increase of eastward momentum at both 1408W and 1108W. This response is the primary cause for the reversal of westward surface flow and intensification of the EUC in the eastern Pacific Ocean (upper panels of Figs. 6 and 13) . The increase of westward momentum during late summer and fall in this case is due to local easterly wind anomalies, which enhance westward surface flow and weaken the EUC (upper panels of Figs. 6 and 13). The eastward momentum anomaly around October at 1408W is likely caused by TIWs, because it no longer exists in the corresponding solution with TIWs eliminated [see the end of section 3b(2)].
Solution 3 ([ EXP3 2 EXPB, bottom panels), driven by southerly winds, provides westward momentum on the equator throughout the year. The westward flow is weakest in the spring, and hence contributes to anomalous eastward flow at that time. The role of the southerly wind is even more apparent in the meridional-flow field of solution 3 (not shown): It is dominated by a near-surface meridional circulation cell that looks much like the one in the reference run (middle panels of Fig.  6 ). We conclude that the variability in the strength of the local southerly winds has a pronounced impact on the annual cycle of upper-ocean currents in the eastern equatorial Pacific.
Conclusions
In this study, a set of process solutions are obtained that measure the contributions of forcing by local and remote winds to the annual variability in the eastern equatorial Pacific Ocean. During the spring, the ITCZ shifts southward to its southernmost location, close to the equator. At this time, weakened local easterlies cause anomalous eastward flow that reverses the westward surface current and intensifies the EUC. Conversely, in late summer and fall strengthened local easterlies enhance the SEC and weaken the EUC. The local southerly winds generate westward flow on the equator throughout the year, a nonlinear phenomenon associated with meridional advection. The speed of this current is roughly proportional to the amplitude of the forcing, and hence is weakest in spring and strongest in fall; this process therefore enhances the annual cycle of zonal currents driven by the local, zonal wind variability. Remotely forced, upwelling-favorable Kelvin waves increase westward momentum in the early spring; thus, remote forcing does not contribute to the springtime anomalous eastward flow, but rather tends to weaken it.
Although our analyses were designed to isolate direct wind-driven responses, they also indicated that TIWs and reflected Rossby waves have significant indirect effects on the equatorial zonal currents. The TIWs tend to generate anomalous westward momentum on the equator (Hansen and Paul 1984) , and the Rossby waves can reverse the equatorial current [section 3b(5)]. Understanding the specific influence of these processes is an important topic for future research.
